1] Some of the largest and most anomalous volcanic earthquakes have non-double-couple focal mechanisms. Here, we investigate the link between volcanic unrest and the occurrence of non-double-couple earthquakes with dominant vertical tension or pressure axes, known as vertical compensated-linear-vector-dipole (vertical-CLVD) earthquakes. We determine focal mechanisms for 313 target earthquakes from the standard and surface wave catalogs of the Global Centroid Moment Tensor Project and identify 86 shallow 4.3 ≤ M W ≤ 5.8 vertical-CLVD earthquakes located near volcanoes that have erupted in the last~100 years. The majority of vertical-CLVD earthquakes occur in subduction zones in association with basaltic-to-andesitic stratovolcanoes or submarine volcanoes, although vertical-CLVD earthquakes are also located in continental rifts and in regions of hot spot volcanism. Vertical-CLVD earthquakes are associated with many types of confirmed or suspected eruptive activity at nearby volcanoes, including volcanic earthquake swarms as well as effusive and explosive eruptions and caldera collapse. Approximately 70% of all vertical-CLVD earthquakes studied occur during episodes of documented volcanic unrest at a nearby volcano. Given that volcanic unrest is underreported, most shallow vertical-CLVD earthquakes near active volcanoes are likely related to magma migration or eruption processes. Vertical-CLVD earthquakes with dominant vertical pressure axes generally occur after volcanic eruptions, whereas vertical-CLVD earthquakes with dominant vertical tension axes generally occur before the start of volcanic unrest. The occurrence of these events may be useful for identifying volcanoes that have recently erupted and those that are likely to erupt in the future.
Introduction
[2] Most shallow earthquakes have seismic radiation patterns that are consistent with the double-couple model for shear failure on planar faults [Sykes, 1967; Isacks et al., 1968; Frohlich, 1995] . However, in volcanic and geothermal areas, other processes such as the migration of magmatic and/or hydrothermal fluids or rupture on non-planar faults can produce earthquakes with significant non-double-couple components. Although the majority of these anomalous earthquakes are small (M < 3) and only recorded by seismometers deployed close to the source regions [Takeo, 1990; Foulger and Julian, 1993; Ross et al., 1996; Miller et al., 1998a Miller et al., , 1998b Ohminato et al., 1998 Ohminato et al., , 2006 Foulger et al., 2004; Kumagai et al., 2005; Nakano and Kumagai, 2005; Ohminato, 2008] , nondouble-couple earthquakes with magnitudes up to M~6 have been observed near a small number of volcanoes around the world [Julian, 1983; Julian and Sipkin, 1985; Kanamori et al., 1993; Ekström, 1994; Dziewonski et al., 1997; Nettles and Ekström, 1998; Dreger et al., 2000; Kumagai et al., 2001; Templeton and Dreger, 2006; Minson and Dreger, 2008; Shuler and Ekström, 2009] .
[3] In this study, we investigate a specific type of nondouble-couple earthquake that has been shown to occur near volcanic centers [Ekström, 1994] . Notable examples of these "vertical-CLVD" earthquakes include the 1984 Tori Shima earthquake [Kanamori et al., 1993] and the two series of earthquakes that occurred near Bárdarbunga volcano between 1976 and 1996 [Nettles and Ekström, 1998 ] and near Nyiragongo volcano between 2002 and 2005 [Shuler and Ekström, 2009 ]. In addition to having anomalous source properties, these earthquakes are associated with documented episodes of volcanic unrest, and their occurrence and unusual focal mechanisms are interpreted to result from active volcanic processes. However, it is not clear how widespread the association between vertical-CLVD earthquakes and active volcanism may be.
[4] The focal mechanisms for earthquakes like those observed at Tori Shima, Bárdarbunga, and Nyiragongo have unusually large non-double-couple components. The size of the non-double-couple component is typically quantified by examination of the eigenvalues of the moment tensor. In the principal axis coordinate system, earthquakes are described by three eigenvectors with eigenvalues ordered l 1 ≥ l 2 ≥ l 3 , where l 1 is the tension axis and l 3 is the pressure axis. For double-couple earthquakes, the value of the intermediate eigenvalue, l 2 , is zero and l 3 = Àl 1 , whereas for non-double-couple earthquakes, l 2 assumes a non-zero value due to isotropic or compensated-linear-vector-dipole (CLVD) components of the moment tensor [Knopoff and Randall, 1970; Frohlich, 1990a; Julian et al., 1998 ]. The isotropic component, (M rr + M θθ + M ff )/3, represents a net volume change, which is expected to be small for tectonic earthquakes. In routine moment-tensor inversions, the isotropic component is typically constrained to be zero Dufumier and Rivera, 1997] . The CLVD component describes the portion of the moment tensor that can be explained by three orthogonal dipoles, two that have the same polarity and magnitude and a third that is twice as large with opposite polarity.
[5] The deviatoric component of the moment tensor can be decomposed into double-couple and CLVD components by assuming that the principal stress axes for these components are parallel. The non-double-couple component is described by the parameter e, which is defined as e ¼ Àl 2 =max l 1 ; j jl 3 j j ð Þ ;
where e = 0 for double-couple earthquakes and e = AE0.5 for earthquakes that are pure CLVDs. In this framework, each earthquake can be described by a deviatoric moment tensor that is 200*|e|% non-double-couple and (100-200*|e|)% double couple. In the Global Centroid Moment Tensor (GCMT) catalog,~18% of earthquakes with centroid depths less than 50 km have moment tensors with 40% or more non-double-couple component. [6] In this paper, we focus on vertical-CLVD earthquakes, which have large non-double-couple components and approximately vertical dominant pressure or tension axes like those previously reported at active volcanoes [Kanamori et al., 1993; Ekström, 1994; Nettles and Ekström, 1998; Shuler and Ekström, 2009] . We identify two types of vertical-CLVD earthquakes depending on whether the dominant dipole is dilatational or compressional. "Vertical-T" earthquakes have dominant tension axes that plunge more steeply than 60 with e > 0.20, and "vertical-P" earthquakes have dominant pressure axes that plunge more steeply than 60 with e < À0.20 (Figure 1 ). Our definitions are similar, but not identical, to the P V and T V designations given by Frohlich [1995] . Earthquakes meeting our criteria represent less than 3% of all shallow (h < 50 km) earthquakes documented in the GCMT catalog.
[7] Ekström [1994] performed a search for vertical-T earthquakes in the Harvard CMT catalog (now known as the GCMT catalog) and identified 18 shallow M W > 5.0 earthquakes with e > 0.33 and tension axes that plunge more steeply than 60 . Ten of the vertical-T earthquakes are located in close proximity to volcanic centers, which demonstrates an association between these earthquakes and volcanism. Vertical-T earthquakes reported by Ekström [1994] include the Tori Shima earthquake and six Bárdarbunga earthquakes in addition to events in North Honshu, the Volcano Islands, and the South Sandwich Islands.
[8] The Tori Shima earthquake is an M W 5.6 vertical-T earthquake that occurred on 13 June 1984 between Smith Rock and Bayonnaise Rocks volcanoes in the Izu-Bonin volcanic arc southeast of Honshu. In the GCMT catalog, the Tori Shima earthquake has an e value of 0.33 and a tension axis that plunges 87 . Rayleigh waves from this earthquake were radiated with nearly equal amplitude and phase in all directions, whereas Love waves were either absent or of very low amplitude [Kanamori et al., 1993] . The Tori Shima earthquake also generated a disproportionately large tsunami given its moderate magnitude. Whereas typically tsunamis have tsunami magnitudes, M t , that are comparable to the M W estimates for the source earthquake, the Tori Shima earthquake produced an M t 7.3 tsunami [Abe, 1988; Satake and Kanamori, 1991] .
[9] Several physical mechanisms have been proposed to explain the Tori Shima earthquake. In the model of Kanamori et al. [1993] , the vertical-T earthquake is generated by rapid expansion of supercritical water following horizontal injection of magma into water-filled sediments. However, Ekström [1994] suggests that the Tori Shima earthquake may be better explained by dip-slip motion on a volcano ring fault. Ring-fault structures are observed in eroded volcanoes [Cole et al., 2005 and references therein], and their presence can be inferred beneath some active volcanoes from dense cone-shaped patterns of microearthquakes [Mori and McKee, 1987; Mori et al., 1996] . In analog and numerical models, slip on ring-fault structures is directly related to the inflation or deflation of shallow magma chambers (see Marti et al., [2008] , Acocella [2008] and Gudmundsson [2008] for review). Dip-slip motion on cone-shaped ring faults can generate earthquakes with vertical-CLVD focal mechanisms [Frohlich, 1989; Frohlich, 1990a Frohlich, , 1990b Frohlich, , 1995 Ekström, 1994; Julian et al., 1998] , and slip on curved faults results in the partial cancelation of long-period seismic moment, Vertical−P Plunge of P−axis > 60°ε < −0.20
Vertical−T Plunge of T−axis > 60°ε > 0.20 Figure 1 . Criteria for the two types of vertical-CLVD earthquakes. Vertical-T events have dominant tension axes that plunge more steeply than 60 and e values greater than 0.20, and vertical-P events have dominant pressure axes that plunge more steeply than 60 and e values less than À0.20.
The focal mechanisms shown are for pure vertical-CLVD earthquakes, which have vertical dominant tension or pressure axes (plunges of 90 ) and |e| = 0.50.
which could account for the discrepancy between seismic and tsunami magnitudes [Ekström, 1994] .
[10] The non-double-couple earthquakes at Bárdarbunga and Nyiragongo volcanoes have also been explained as resulting from slip on ring-fault structures. In total, 10 vertical-T earthquakes with magnitudes 5.1 ≤ M W ≤ 5.6 occurred near Bárdarbunga volcano in Iceland between 1976 [Nettles and Ekström, 1998 ]. The last earthquake occurred only~1.5 days before a large, subglacial fissure eruption was observed between Bárdarbunga and Grimsvötn volcanoes [Gudmundsson et al., 1997] . The spatial and temporal relationship between the occurrence of the last vertical-T event and the start of the 1996 eruption suggests that vertical-T earthquakes at Bárdarbunga may be associated with the inflation of a shallow magma chamber. According to the faulting model presented by Nettles and Ekström [1998] , the 10 vertical-T earthquakes are generated by slip on an outward-dipping ring fault located below an inflating shallow magma chamber.
[11] Five vertical-P earthquakes with magnitudes 4.6 ≤ M W ≤ 5.3 took place near Nyiragongo volcano in the Democratic Republic of the Congo between 2002 and 2005. The first three vertical-P earthquakes occurred several days after a fissure eruption of Nyiragongo in January 2002 and are attributed to slip on inward-dipping ring faults located above a deflating shallow magma chamber [Shuler and Ekström, 2009] . The final two earthquakes occurred in 2003 and 2005 as the lava lake in Nyiragongo's summit crater refilled and are explained as slip on a deeper inward-dipping ring fault triggered by the upward flux of magma into shallow levels of the magmatic plumbing system.
[12] Although there is still controversy over the physical mechanisms that generate vertical-CLVD earthquakes [e.g., Konstantinou et al., 2003; Tkalčić et al., 2009; Fichtner and Tkalčić, 2010] , the Tori Shima, Bárdarbunga, and Nyiragongo events illustrate that vertical-CLVD earthquakes are closely linked to dynamic processes occurring inside volcanic systems. The Tori Shima and Bárdarbunga events suggest that, in some cases, vertical-CLVD earthquakes may be triggered by the ascent of magma through the shallow crust, and the occurrence of these earthquakes may signal that a nearby volcano is likely to erupt in the future. The Nyiragongo events suggest that some vertical-CLVD earthquakes may be a response to magma migration, which would make these earthquakes useful for identifying the locations of recent eruptions.
[13] In this study, we explore the relationship between vertical-CLVD earthquakes and volcanic unrest. Using two global seismicity catalogs and seismic data from many regional and global seismic networks, we perform a systematic global search for additional examples of moderate-sized vertical-CLVD earthquakes located near active volcanoes. We quantify where and how often vertical-CLVD earthquakes occur near these volcanoes and investigate whether vertical-CLVD earthquakes are preferentially associated with particular tectonic settings or categories of volcanoes, or with specific types of eruptive activity. We characterize these earthquakes and document their relationships to volcanic unrest in detail in an effort to learn how vertical-CLVD earthquakes are linked to active deformation and eruption processes. A companion paper (A. Shuler et al., Physical mechanisms for vertical-CLVD earthquakes at active volcanoes, submitted to Journal of Geophysical Research, 2012) investigates the physical mechanisms that may be responsible for generating vertical-CLVD earthquakes at volcanoes. [14] We search for vertical-CLVD earthquakes near volcanoes using two catalogs from the Global CMT Project (www.globalcmt.org). The first catalog is the standard GCMT catalog Ekström et al., 2012] , which contains centroid times, locations, and moment tensors for over 30,000 earthquakes since 1976. We investigate target earthquakes that have centroid locations near volcanoes and vertical-CLVD moment tensors in the GCMT catalog. To identify those earthquakes that have robust vertical-CLVD focal mechanisms, we recalculate CMT solutions for target earthquakes using additional data and updated methodology. The second catalog is the Surface Wave catalog, which contains epicenters, times, and magnitude estimates for earthquakes that are detected and located using intermediate-period surface waves following the method of Ekström [2006] . Although the Surface Wave catalog has documented approximately 2000 shallow earthquakes each year since 1991, we only investigate those earthquakes occurring near volcanoes. We examine two subsets of target earthquakes: earthquakes that were not reported in other seismicity catalogs and earthquakes with surface-wave magnitudes significantly larger than magnitudes reported elsewhere. We calculate CMT solutions for these earthquakes in the same manner as for events from the GCMT catalog. We also model teleseismic body waves to confirm the shallow depths of earthquakes we find to have vertical-CLVD focal mechanisms.
Data and Methods

Selection of Target Earthquakes
[15] In order to assess the link between vertical-CLVD earthquakes and volcanic unrest, we investigate target earthquakes from the GCMT and Surface Wave catalogs that are located within 100 km of a recently active volcano. We restrict our search to the 429 D1 and D2 volcanoes in the Smithsonian Institution's Global Volcanism Program (GVP) database [Siebert and Simkin, 2002-] , which have last known eruptions later than 2000 and 1900, respectively. This list is biased toward subaerial eruptions and represents only a fraction of volcanoes that are active or potentially active worldwide. However, since our primary goal is to explore the relationships between vertical-CLVD earthquakes and active volcanic processes, we limit our scope to those volcanoes with recently documented eruptions. The distance threshold of 100 km accounts for the uncertainty in locations from the GCMT [Smith and Ekström, 1997; Hjörleifsdóttir and Ekström, 2010] and Surface Wave catalogs, as well as the size and spacing of volcanic centers [de Bromand d'Ars et al., 1995; Schmincke, 2004] . A map of the recently active volcanoes and the target earthquakes is shown in Figure 2 . 2.1.1. The Global CMT Catalog (1976 [16] The GCMT catalog contains moment tensor and location information for most earthquakes larger than M W 5.0-5.5 since 1976 Ekström et al., 2012] . The vast majority of GCMT solutions are calculated using initial hypocentral parameters provided by the National Earthquake Information Center (NEIC) of the United States Geological Survey (USGS) and long-period data primarily recorded on the IRIS-USGS Global Seismographic Network (GSN) or its historical equivalent. Prior to 2004, CMT solutions for earthquakes with M W < 5.5 were constrained using long-period (T > 45 s) body-wave seismograms, whereas long-period surface-wave (T > 135 s, "mantle wave") seismograms were included for larger earthquakes . Global phase-velocity maps have allowed intermediate-period (35 < T < 150 s) surfacewave data to be incorporated in source-parameter inversions for shallow and intermediate-depth M W < 7.5 earthquakes since 2004 [Arvidsson and Ekström, 1998; Ekström et al., 2012] . Because intermediate-period surface waves are the largest seismic phases in long-period seismograms for shallow earthquakes, their use in CMT inversions has allowed smaller-magnitude earthquakes to be analyzed by the Global CMT Project. The inclusion of surface waves also improves the quality of GCMT solutions in general since the number of waveforms available for analysis is greatly increased.
[17] Because most GCMT solutions were calculated without intermediate-period surface-wave data, we recalculate CMT solutions for vertical-CLVD earthquakes located near recently active volcanoes. Intermediate-period surface waves have different frequency contents and leave the source at different angles than body waves, and including these data allows us to obtain more robust source parameters. We require target earthquakes from the GCMT catalog to have |e| > 0.20 and dominant pressure or tension axes plunging more than 50 . We use a value of 50 for the plunge here because we expect that the recalculated CMT solutions for some earthquakes will have dominant pressure or tension axes that plunge more steeply, meeting our final criterion of 60 for selection as vertical-CLVD earthquakes. We restrict our search to those earthquakes with centroid depths less than 50 km that are also located within a 100 km radius of a recently active volcano. Focal mechanisms for the vertical-T earthquakes near Bárdarbunga were recalculated by Nettles and Ekström [1998] using methodology similar to that employed here, and we do not include those earthquakes as target events in our study. A total of 134 target earthquakes meet our criteria. We also identify as a target earthquake an M W 5.8 vertical-T earthquake that occurred on 17 February 2009 in the Kermadec Islands. Although this earthquake did not occur within 100 km of a recently active volcano, it may be associated with volcanic activity at Curtis Island, a remote volcano for which the time of last eruption is unknown [Smithsonian Institution, 2009 ]. 2.1.2. The Surface Wave Catalog (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) [18] Additional target earthquakes are identified from the Global CMT Project's catalog of surface-wave event locations. The Surface Wave catalog includes most shallow M > 4.8 earthquakes reported by global seismicity catalogs,
Map showing the locations of the 429 recently active volcanoes (maroon triangles) and 395 target earthquakes (blue circles) studied here. The volcanoes have last known eruptions later than 1900. The target earthquakes include 135 earthquakes from the Global CMT catalog and 261 earthquakes from the Surface Wave catalog (71 and 190 earthquakes from Category 1 and Category 2, respectively). Category 1 earthquakes are reported in the ISC catalog, but have surface-wave magnitudes, M SW [Ekström, 2006] , that are at least one magnitude unit larger than the m b estimates provided by the ISC. Category 2 earthquakes are newly detected earthquakes that were detected and located using intermediateperiod surface waves [Ekström, 2006] , but which are missing from the ISC and NEIC bulletins. An earthquake on 26 May 2009 is a Category 1 earthquake that is also described in the GCMT catalog. Plate boundaries are from Bird [2003] . such as the bulletins of the International Seismological Centre (ISC) and the USGS NEIC, for which event detection is based on the arrival times of high-frequency body-wave phases. The Surface Wave catalog also contains information about other earthquakes that are missing from the ISC and NEIC catalogs due to their small body-wave magnitudes or unusual source properties [Ekström, 2006] . Focal mechanisms have so far been calculated for only a small number of earthquakes from the Surface Wave catalog that are not reported in the ISC or NEIC catalogs.
[19] We limit our scope to two categories of earthquakes from the Surface Wave catalog. Category 1 events are earthquakes that are reported in the ISC catalog, but which have surface-wave magnitudes, M SW [Ekström, 2006] , that are at least one magnitude unit larger than the m b estimates provided by the ISC. Seventy-four Category 1 earthquakes have surface-wave detections with Quality C or better [Ekström, 2006] and initial locations within 100 km of a recently active volcano. Excluding three earthquakes that have non-vertical-CLVD solutions in the GCMT catalog, we identify 71 target earthquakes between 1991 and 2009.
[20] We note that one earthquake, which took place on 26 May 2009 in the Fiji Islands, is a target earthquake in both the GCMT and Surface Wave catalogs. This Category 1 earthquake is especially unusual because it is listed as an m b 4.5 earthquake with a hypocentral depth of 100 km in the weekly listing of the NEIC's Preliminary Determination of Epicenters (PDEW), while in the GCMT catalog, it is listed as an M W 5.5 earthquake with a centroid depth fixed to 12 km. With the exception of the May 2009 event, no focal mechanisms are available for the target earthquakes in Category 1.
[21] The second category of earthquakes that we investigate from the Surface Wave catalog are "new" earthquakes that are missing from the ISC and NEIC bulletins, but which were detected and located using intermediate-period surface waves and the method of Ekström [2006] . We restrict our search to newly detected earthquakes from 1991 to 2009 that have surface-wave detections with Quality C or better [Ekström, 2006] and initial locations within 100 km of a recently active volcano. The vertical-P earthquakes near Nyiragongo from Shuler and Ekström [2009] are examples of Category 2 events. Excluding those five events, which have focal mechanisms that were recalculated using methodology similar to that employed here, we identify 190 target earthquakes. No focal mechanisms are available for target earthquakes from Category 2.
Centroid-Moment-Tensor Solutions
[22] For each of our target earthquakes, we collect threecomponent long-period and very-long-period seismic data from global and regional networks archived by the Incorporated Research Institutions for Seismology Data Management Center (IRIS DMC). The data sources vary depending on the year, but include stations from the following networks: the Modified High Gain Long Period Observatory (AS), the Black Forest Observatory (BF), the China Digital Seismic Network (CD), the Canadian National Seismic Network (CN), the Czech Seismic Network (CZ), the Digital World-Wide Standardized Seismograph Network (DW), GEOSCOPE (G), GEOFON (GE), the High-Gain Long-Period Network (HG), MEDNET (MN), the Singapore Seismological Network (MS), the Regional Seismic Test Network (RS), the Seismic Research Observatory (SR), TERRAscope (TS), and the IRIS-USGS Global Seismographic Network (GSN), which is a cooperative partnership between the following networks: the IRIS/IDA network (II), the IRIS/USGS Network (IU), the IRIS China Digital Seismic Network (IC), the Global Telemetered Southern Hemisphere Network (GT), and the CariUSGS Caribbean Network (CU). For target earthquakes from the GCMT catalog, the new data sets are typically more complete than those used for the original analysis.
[23] We calculate centroid moment tensors, locations, and times for each target earthquake generally following the standard GCMT approach Arvidsson and Ekström, 1998; Ekström et al., 2005] and specifically the methods employed since 2004 [Ekström et al., 2012] . We manually select and edit seismograms from three frequency bands and time windows. CMT solutions for events with M W < 5.5 are calculated using body-wave data filtered from 40 to 150 s and surface-wave data filtered from 50 to 150 s, while solutions for larger earthquakes also include mantle-wave data filtered from 125 to 350 s. For the smallest earthquakes, we filter the surface-wave data from 40 to 100 s or 35 to 75 s on a case-by-case basis to increase the signal-to-noise ratio. The CMT inversions are based on data from 14 to 163 stations, depending on the year and magnitude of individual target earthquakes. As in the GCMT catalog, we constrain the sum of the diagonal elements of the moment tensor to equal zero (M rr + M θθ + M ff = 0).
[24] We assess the quality of each CMT solution and only report solutions that meet the Global CMT Project's quality standards. In particular, we reject unstable solutions, solutions based on a small number of waveforms and solutions with high residual misfit. We classify earthquakes as "vertical-CLVD" if their moment tensors have 40% or more non-double-couple component and dominant tension or pressure axes that plunge more steeply than 60 ( Figure 1 ). Because we are concerned with vertical-CLVD earthquakes associated with volcanic processes, we restrict our discussion to those events with centroid depths shallower than 25 km.
[25] In this study, we define vertical-CLVD earthquakes based on the properties of the deviatoric moment tensor. However, we recognize that some earthquakes in volcanic areas may have non-zero isotropic components caused by net volume changes. For shallow earthquakes, the isotropic and pure vertical-CLVD components of the moment tensor cannot be independently resolved using long-period seismic data [Kawakatsu, 1996] . The presence of Love-wave energy in many of the seismograms we model reduces this tradeoff. However, some earthquakes we identify as having deviatoric vertical-CLVD focal mechanisms may correspond to underlying source processes with dominant isotropic components rather than dominant vertical-CLVD components [Strelitz, 1989; Frohlich, 1990b] . In our companion paper (Shuler et al., submitted manuscript, 2012) , we quantify the tradeoff between the isotropic and pure vertical-CLVD components of the moment tensor for our data set in order to evaluate several potential physical mechanisms for producing earthquakes with deviatoric vertical-CLVD focal mechanisms. These details do not impact our assessment in the current study of the link between the anomalous earthquakes and volcanic unrest.
Teleseismic Body-Wave Modeling
[26] The vertical-CLVD earthquakes that we identify near active volcanoes are shallow and their depths cannot be determined accurately using the long-period seismic data required for standard GCMT analysis. To confirm that the vertical-CLVD earthquakes have shallow depths consistent with volcanic deformation processes, we attempt to model the broadband teleseismic body waves for earthquakes with magnitudes M W ≥ 5.0. For consistency, we attempt the same analysis for vertical-CLVD earthquakes from both the GCMT and Surface Wave catalogs, although we expect lower quality body-wave data for earthquakes from the Surface Wave catalog that were not detected using highfrequency body-wave data.
[27] We follow the method of Ekström [1989] and invert teleseismic P and SH waveforms for focal mechanism, focal depth, and moment-rate function. For this analysis, we collect broadband seismic records from the IRIS DMC and deconvolve the instrument response to obtain displacement records filtered from 1 to 100 s period. We model P waveforms using data from the vertical component. We model SH waveforms using data from horizontal components rotated to the transverse direction at each station. Following the method of Harvey and Choy [1982] , broadband records for the oldest earthquakes are constructed from digital longand short-period seismograms, as in Ekström [1989] . Synthetic seismograms are calculated using ray theory and the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] . Reflections and conversions near the source are modeled using a layer-matrix method for a regional velocity model. For a small number of subaerial volcanoes, we construct the regional velocity models using the local crustal structure from CRUST2.0 [Bassin et al., 2000] . However, for those earthquakes near island arc or submarine volcanoes, we use the CRUST2.0 model for a Japanese island arc (J1) and adjust the thickness of the water layer to match the summit elevation of the nearest volcano. We include the CMT estimate of the point-source moment tensor as a soft constraint in the inversions to ensure that focal mechanisms calculated from the broadband data are compatible with the long-period seismic data used in the CMT analysis.
Results
[28] Of the 395 target earthquakes investigated, we obtain robust CMT solutions for 313 earthquakes. Focal mechanisms are plotted in Figure 3 and source-parameter information is available in the auxiliary material 1 as well as on our website (www.globalcmt.org). We report updated CMT solutions for 124 earthquakes from the GCMT catalog (Tables S1 and S2) and new CMT solutions for 190 earthquakes from the Surface Wave catalog, including 59 Category 1 earthquakes (Tables S3 and S4 ) and 131 Category 2 earthquakes (Tables S5 and S6). We note that the 26 May 2009 earthquake is reported in both the GCMT and Surface Wave catalogs.
[29] From this group of 313 earthquakes, we identify 86 shallow vertical-CLVD earthquakes located near recently active volcanoes. We are able to model teleseismic body waves from 18 of these events. Along with the 15 vertical-CLVD earthquakes already documented at Bárdarbunga [Nettles and Ekström, 1998 ] and Nyiragongo volcanoes [Shuler and Ekström, 2009] , this study increases the number of well-documented, moderate-sized shallow vertical-CLVD earthquakes known to occur near volcanic centers to 101.
All Target Earthquakes
[30] The recalculated CMT solutions for target events from the GCMT catalog are based on both body and surface-wave data that were manually selected and edited. Because the new solutions described in Tables S1 and S2 were calculated using additional data and updated methodology, they are more robust than those reported in the standard GCMT catalog. The recalculated CMT solutions are the preferred solutions for the target earthquakes. Compared to the original GCMT solutions, the recalculated moment tensors changed by~0.1 magnitude units and the centroid locations moved~30 km on average. As expected, differences between the original and recalculated CMT solutions are smaller for earthquakes that occurred after 2004, when the Global CMT Project began to use surface-wave data routinely.
[31] For most target earthquakes from the GCMT catalog, we find that the addition of surface-wave data reduces the size of the non-double-couple component, resulting in new moment tensors that are approximately double couple. Recalculated moment tensors for most vertical-T and vertical-P earthquakes are typical of reverse-and normal-faulting earthquakes. In many cases, the new focal mechanisms are consistent with those reported in the GCMT catalog for other nearby earthquakes. Only 26 of the earthquakes considered, 18 vertical-T and 8 vertical-P earthquakes, have vertical-CLVD moment tensors and centroid depths less than 25 km after the addition of surface-wave data. Included in this data set are the four vertical-T earthquakes identified by Ekström [1994] that did not occur near Bárdarbunga. In Figure 4 , we illustrate how the addition of surface-wave data affects the CMT solutions for one earthquake that became more double couple and one that remained vertical-CLVD.
[32] Target earthquakes from the Surface Wave catalog have a wide variety of focal mechanisms, reflecting the diversity of tectonic settings located within a 100 km radius of recently active volcanoes. In Tables S3-S6, we provide CMT solutions for these earthquakes. For both Category 1 and Category 2 events, we find that moment tensors for most of the target earthquakes are close to double couple. The most commonly observed earthquake types are strike-slip and normal-faulting earthquakes along the ridge-transform systems near Tonga, Vanuatu, Samoa, Fiji, and the Mariana Islands. Shallow strike-slip earthquakes in the southern oceans are particularly difficult to detect using traditional methods due to their nearly nodal teleseismic P-wave radiation patterns, their remoteness from seismic stations, and the presence of strong microseismic noise [Rouland et al., 1992; Shearer, 1994] , and some go unreported in standard global seismicity catalogs.
[33] Of the 190 target earthquakes investigated from the Surface Wave catalog, 61 have vertical-CLVD moment tensors. Including the 26 May 2009 event, which is also reported in the GCMT catalog, eight earthquakes have vertical-T moment tensors and 53 have vertical-P moment tensors. Forty-three of the vertical-P earthquakes are associated with a single volcano, Miyakejima.
[34] We were not able to calculate CMT solutions for several Category 2 target earthquakes that are spatially and temporally associated with explosive eruptions that produced large-scale pyroclastic density currents. These events include the sector collapse and lateral blast event at Soufrière Hills volcano in the West Indies on 26 December 1997 Druitt et al., 2002; Ritchie et al., 2002; Sparks et al., 2002; Voight et al., 2002; Woods et al., 2002; Young et al., 2002] , and several pre-climactic eruptions at Pinatubo volcano in the Philippines on 14 and 15 June 1991 Hoblitt et al., 1996; Lynch and Stephens, 1996; Power et al., 1996; Wolfe and Hoblitt, 1996] . If the seismic signals that we observe are produced by gravity-driven flows, it may be more appropriate to model these events using time-varying forces.
Vertical-CLVD Earthquakes
[35] In total, we have identified 101 shallow vertical-CLVD earthquakes with centroid locations near recently active volcanoes. In Figures 5 and 6 , we show the locations and focal mechanisms of vertical-CLVD earthquakes from the GCMT and Surface Wave catalogs. Figure 7 shows a map of the vertical-P earthquakes associated with Miyakejima volcano. In these three maps, red focal mechanisms denote earthquakes that are associated with volcanic unrest at a volcano within~60 km (section 4). For each of the 86 vertical-CLVD earthquakes analyzed in this study, we provide in Table 1 a summary of source parameters including centroid times and locations, m b values from the NEIC, as well as M W values, e values, and plunges of the dominant principal axes derived from the CMT solutions. We do not report the centroid depths of vertical-CLVD earthquakes in Table 1 because they were all fixed to 12 km during the inversion process, as is standard for very shallow earthquakes.
[36] In Tables S7 and S8 in the auxiliary material, we provide detailed information about the CMT solutions for vertical-CLVD earthquakes, including estimates of the standard errors for the source parameters. The standard errors associated with the latitude and longitude components are~3 km on average, although due to uneven station distributions, the presence of noise and remaining unmodeled structural heterogeneity [e.g., Nakanishi and Kanamori, 1982; Dziewonski et al., 1984; Smith and Ekström, 1997; Hjörleifsdóttir and Ekström, 2010] , the actual uncertainties are likely larger. For example, the centroid locations for vertical-CLVD earthquakes linked to specific episodes of volcanic unrest are sometimes tens of kilometers from their source volcanoes.
[37] We assess the quality of each CMT solution based on the station coverage, the variance reduction, and the percentage of available waveforms used in the inversion (Table 1) . A-quality CMT solutions have variance reductions of 50% or more and are calculated using data from 75% or more of the available stations. CMT solutions that have variance reductions of 40-50%, azimuthal gaps greater than 90 , and those that are calculated using data from 50% to 75% of the available stations are assigned B quality. We assign the two earthquakes that have fixed centroid locations to be C quality, in addition to those solutions that are calculated using less than 50% of the available stations, or those that have variance reductions less than 40%. We find that 47 earthquakes have A-quality solutions, 26 have B-quality solutions, and 13 have C-quality solutions. However, all of the solutions meet the quality standards of the Global CMT Project. Our confidence in the significance of the vertical-CLVD component is a function of both the CMT solution quality and the magnitude of the non-double-couple component.
[38] To confirm that the vertical-CLVD earthquakes have shallow focal depths, we attempted to model the broadband teleseismic body waves for vertical-CLVD earthquakes with magnitudes M W ≥ 5.0. However, we were only able to model 18 earthquakes, all from the GCMT catalog. Teleseismic body waves for earthquakes in the Surface Wave catalog are of lower amplitude than the background noise across the frequency band we examine, and we were not able to model any body waves for these events.
[39] Earthquakes in this magnitude range (5.0 ≤ M W ≤ 6.0) typically show clear, impulsive direct arrivals and surface reflections. In contrast, we find that the body waves for vertical-CLVD earthquakes are dominated by low-frequency energy. Figure 8 shows an example body-wave solution for the M W 5.7 vertical-T earthquake that occurred south of Honshu on 4 September 1996. The fit to the data illustrated in Figure 8 is typical for the events we analyze. We find that focal-depth estimates depend on the weight of the soft constraint of the long-period moment tensors from the CMT inversions, and there is a tradeoff between focal depth and source duration. Despite the uncertainties associated with modeling body waves for earthquakes depleted in highfrequency energy, the character of the waveforms for all 18 earthquakes is consistent with focal depths in the top 10 km of the crust.
Links to Volcanic Activity
[40] Our target earthquakes were selected because they occurred near active volcanoes, but there were no restrictions on volcano type or location. In our data set of shallow vertical-CLVD earthquakes, we observe events near active volcanoes in a wide variety of geographical locations and tectonic settings. In Table 2 , we list the three closest volcanoes to each vertical-CLVD earthquake. We report the distances from the centroid location of each earthquake to the three closest volcanoes using the latitude and longitude coordinates provided by the GVP [Siebert and Simkin, 2002] . The length scales of volcanic systems, which range from a few hundred meters to tens of kilometers, should be considered when interpreting these distances. We also report the volcano type, or morphology, of the closest volcanoes and indicate [Nettles and Ekström, 1998 ]. Bathymetry and topography are from the ETOPO1 data set.
whether the earthquakes occurred during documented episodes of volcanic unrest. Most vertical-CLVD earthquakes are located within~30 km of arc volcanoes in subduction zones in the Pacific, Indian, and Southern Oceans and the Mediterranean Sea. However, vertical-CLVD earthquakes also occur in the East African Rift, along a mid-ocean ridge segment in the northeastern Pacific Ocean, and near hot spot volcanoes in Hawaii, the Galápagos Islands, and Samoa Islands. This result suggests that many types of volcanoes are capable of generating vertical-CLVD earthquakes, and strengthens the link between volcanoes and these anomalous earthquakes.
[41] We wish to assess not only the spatial but also the temporal relationships between the vertical-CLVD earthquakes and volcanism. To assess the likelihood that the earthquakes result, directly or indirectly, from active magma transport in the crust, we evaluate whether each vertical-CLVD earthquake in our data set is associated with known eruptive or other volcanic activity. Below, we summarize the location of each vertical-CLVD earthquake and its temporal relationship to volcanic unrest at nearby volcanoes. First, in chronological order by the first earthquake at each volcano, we discuss the 61 vertical-CLVD earthquakes that are spatially and temporally associated with volcanic unrest, using eruption reports from the literature. We then summarize the locations of the remaining 24 vertical-CLVD earthquakes by geographic location. Unless otherwise indicated, the CMT solutions discussed are A quality and the information about specific volcanoes is from the GVP [Siebert and Simkin, 2002] .
Smith Rock
[42] Three M W 5.6-5.7 vertical-T earthquakes in the Izu-Bonin volcanic arc have centroid locations that are~10-20 km from Smith Rock, a basaltic pinnacle that forms the southern flank of a 20 km-wide seamount with an 8-9 km wide submarine caldera. The first earthquake is the 13 June 1984 Tori Shima earthquake discussed in section 1. The Tori Shima earthquake produced an M t = 7.3 tsunami [Abe, 1988; Satake and Kanamori, 1991] and was followed within hours by earthquakes with T-wave trains, which are characteristic of submarine volcanic activity [Talandier and Okal, 1987] . The second and third earthquakes occurred on 4 September 1996 and 1 January 2006. Similar to the Tori Shima earthquake, the 1996 earthquake produced an M t = 7.5 tsunami and was followed by a swarm of low-frequency earthquakes that produced T waves [Sugioka et al., 2000] , again suggesting volcanic activity. Both the 1984 and 1996 earthquakes initiate episodes of volcanic unrest at Smith Rock, which suggests that the vertical-T earthquakes may be associated with magma ascent processes. The 2006 earthquake, which has the smallest non-double-couple component, is not linked to any known volcanic unrest.
Ol Doinyo Lengai
[43] An M W 5.4 vertical-P earthquake with a B-quality CMT solution took place in Tanzania on 15 May 1990. The centroid location is~25 km from Ol Doinyo Lengai, one of the most active volcanoes in the East African Rift. Ol Doinyo Lengai is a stratovolcano and the only known active volcano to erupt natrocarbonatite, a silica-poor, lowtemperature, and low-viscosity lava [Oppenheimer, 1998 ]. Before erupting explosively in 2007, Ol Doinyo Lengai erupted effusively for nearly 25 years, producing lava flows and spatter cones that were confined to the summit crater. Effusive activity was observed both before and after the 15 May earthquake, during overflights on 2 May and 9 July 1990 [Smithsonian Institution, 1990a , 1990b , which suggests that the vertical-P earthquake is related to this prolonged effusive eruption.
Rabaul
[44] Four M W 5.0 vertical-T earthquakes took place north of New Britain in Papua New Guinea between 1991 and 1996. These earthquakes occurred on 6 September 1991 , 25 January 1994 , 17 February 1995 , and 15 February 1996 . The vertical-CLVD earthquakes have A or B-quality CMT solutions and focal mechanisms that are remarkably similar between events. The centroid locations are tightly clustered near the tip of the Gazelle Peninsula,~35 km north of Tavui, a 10-by-12 km submarine caldera, and~50 km north of Rabaul, an active pyroclastic shield volcano with a nested 9-by-14 km caldera complex surrounded by several small volcanic cones. The last eruption of Tavui occurred approximately 7000 years ago Wood et al., 1995] , although recent seismic tomography studies indicate the presence of a low-velocity zone beneath the 33.75°3 Source Catalogs are Global CMT catalog (GCMT) or Surface Wave Catalog (SW). SW-1 denotes events reported in the ISC or NEIC catalogs where M SW À m b ≥ 1.0. SW-2 denotes earthquakes that were newly detected using surface waves Ekström [2006] . The date, time, centroid longitude and latitude, and values of M W , e, and the plunge of the dominant P or T axes are derived from our CMT solutions. We follow the GCMT convention for calculating M W ; scalar moment is defined by the equation M 0 = 0.5(l 1 À l 3 ), where l 1 and l 3 are the maximum and minimum eigenvalues of the deviatoric moment tensor. The m b values are from the ISC or NEIC catalogs. See text for explanation of CMT quality. Note that all centroid depths from the CMT solutions were fixed to 12 km. [Finlayson et al., 2003; Bai and Greenhalgh, 2005; Itikarai, 2008; Johnson et al., 2010] .
[45] The most recent episode of volcanic unrest at Rabaul began in 1971 and was characterized by uplift of the caldera interior and increased seismicity concentrated along an annular structure [McKee et al., 1984] . Beginning in September 1983, Rabaul experienced a seismic crisis during which tens of thousands of small magnitude, high-frequency earthquakes occurred along an outward-dipping ring-fault structure extending to 4-5 km [McKee et al., 1984; Mori and McKee, 1987; Mori et al., 1989; Jones and Stewart, 1997; Itikarai, 2008; Johnson et al., 2010] . The seismic crisis was accompanied by~80 cm of uplift in the central part of the caldera, although it is debated whether the deformation was due to the pressurization of shallow magmatic or hydrothermal sources in the caldera block [McKee et al., 1984; Mori and McKee, 1987; Geyer and Gottsman, 2010] , overpressure of a deep magma reservoir [De Natale and Pingue, 1993] , or the partial intrusion of a dike along the ring-fault structure [Saunders, 2001 [Saunders, , 2005 . After May 1985, seismicity decreased at Rabaul, and the volcano did not erupt until 1994. Three nearest volcanoes within 100 km of the 86 shallow vertical-CLVD earthquakes reported in Table 1 . We report the names of the volcanoes in addition to the distances between the volcanoes and the earthquake centroid locations (D1-D3). Volcano names written in italic have last known eruptions before 1900. We also report the volcano type (morphology) and indicate whether the vertical-CLVD earthquakes occurred during documented episodes of volcanic unrest at each nearby volcano. An asterisk next to the event number in column 1 indicates that the earthquake occurred during an episode of unrest at a volcano within~60 km. See text for details. b Centroid location fixed to the volcano.
[46] On 19 September 1994, Rabaul began an explosive phase that continues today. Initially, the explosive eruption occurred simultaneously at two volcanic cones, Tavurvur on the northeast side and Vulcan on the west side of the caldera. Activity at Vulcan ceased by 2 October 1994, although explosive eruptions at Tavurvur continue to occur intermittently. The first two vertical-CLVD earthquakes occur before the start of explosive activity in September 1994 and are not associated with increases in the rate of seismicity or other unusual activity at the volcano. The remaining two vertical-CLVD earthquakes occur after the start of the 1994 eruption and are associated with elevated seismicity and explosions at Tavurvur [Smithsonian Institution, 1995a , 1996b . Leveling measurements indicate that the 1995 earthquake is associated with deflation, whereas the 1996 earthquake is associated with slight inflation of the central caldera block [Smithsonian Institution, 1995a , 1996b . All four vertical-T earthquakes at Rabaul are temporally associated with volcanic unrest, with two earthquakes occurring before the start of the 1994 eruption and two occurring after. The earthquakes do not seem to be linked to a specific type of shallow eruptive activity in the caldera itself, which suggests a link to deformation at deeper levels of the volcano.
Vailulu'u
[47] Four M W 4.8-4.9 vertical-P earthquakes with B or C-quality CMT solutions took place in the Samoa Islands on 10 and 11 January 1995 (Figure 9 ). These earthquakes have centroid locations within 10 km of Vailulu'u, a recently discovered massive submarine volcano with a 2 km wide caldera. Vailulu'u is believed to mark the current location of the Samoan hot spot [Hart et al., 2000] . The vertical-P earthquakes are spatially and temporally associated with an anomalous swarm of m b < 5.0 earthquakes that occurred northwest of the volcano from 9 to 29 January 1995. Acoustic T waves associated with the swarm were recorded by a local hydrophone array from 8 January to early February 1995 [Smithsonian Institution, 1995b] . Besides the January 1995 swarm, a search of the NEIC catalog (1973 ( to November 2012 finds no other examples of teleseismically detected earthquakes located within 100 km of Vailulu'u. Both the unusual locations of the January 1995 earthquakes and the fact that all of the earthquakes have similar magnitudes suggest that the swarm is associated with magmatic activity [Konter et al., 2004] . Indeed, radiometric ages of dredge samples from a 1999 cruise confirm that a volcanic eruption occurred in the summit crater of Vailulu'u within the prior 5-10 years [Hart et al., 2000] . The four events for which we have obtained CMT solutions show a clear association with this volcanic activity, occurring hours to days after the start of the volcanic earthquake swarm.
Loihi
[48] An M W 4.9 vertical-T earthquake with a C-quality CMT solution occurred in Hawaii on 27 July 1996. The centroid location for this earthquake is~20 km from Loihi, the youngest volcano in the Hawaiian chain. Loihi is a submarine volcano with a well-defined summit platform that contains several pit craters and an active hydrothermal system. On 16 July 1996, the largest earthquake swarm ever recorded in the Hawaiian Islands began at Loihi.
[49] The 1996 swarm can be divided into two distinct phases. The initial phase lasted from 16 to 18 July and was characterized by 170 M L > 1 high-frequency volcano-tectonic earthquakes [Caplan-Auerbach and Duennebier, 2001] . After a brief hiatus on 19 January, when there were no locatable earthquakes at Loihi, the second phase commenced and the cumulative seismic moment increased dramatically. Thousands of earthquakes with magnitudes up to M L 4.9 were located near Loihi through 9 August [Duennebier et al., 1997] . The second phase of the swarm, which consisted of predominantly long-period earthquakes, had two main pulses of activity, the first occurring between 20 and 25 July and the second occurring between 26 July and 5 August [Caplan-Auerbach and Duennebier, 2001] . The vertical-T earthquake occurred during the second pulse of seismic activity in Phase 2.
[50] Beginning on 6 August, submersible dives and bathymetry surveys confirmed that Pele's Peak, formerly the locus of Loihi's hydrothermal activity, had collapsed to form a new pit crater, Pele's Pit, with a diameter of 600 m and a depth of 300 m [Duennebier et al., 1997] . Although hightemperature hydrothermal plumes were observed, and popping noises were detected by sonobuoys, evidence of an ongoing eruption was not observed, and fresh lava recovered from the summit has been shown to predate the earthquake swarm by several months [Duennebier et al., 1997; Garcia et al., 1998 Garcia et al., , 2006 . The cause of the 1996 collapse of Pele's Pit is unknown, although it may have been triggered by a rapid draining of a shallow magma chamber, either into a volcanic rift zone or a deeper magma reservoir [Davis and Clague, 1998; Caplan-Auerbach and Duennebier, 2001] . The vertical-T earthquake, which occurred~11 days after the start of the volcanic earthquake swarm, is clearly associated with this episode of volcanic activity and may have Figure 9 . Map showing focal mechanisms for the four vertical-P earthquakes associated with an anomalous earthquake swarm that occurred at Vailulu'u volcano in January 1995. Red dots show the locations of M > 4 earthquakes from the NEIC catalog that occurred between 9 and 29 January 1995. Bathymetry is from the Global Multi-Resolution Topography (GMRT) synthesis [Ryan et al., 2009] used in GeoMapApp (http://www.geomapapp.org). been triggered either by rapid magma migration or the collapse of the pit crater.
Miyakejima
[51] Forty-three 4.4 ≤ M W ≤ 5.6 vertical-P earthquakes occurred in the Izu-Bonin volcanic arc between 7 July and 18 August 2000 (Figure 7 ). Most of the earthquakes have A-quality CMT solutions, although a few have B-or Cquality CMT solutions due to their small magnitudes or interference from other earthquakes. With the exception of the final earthquake, centroid locations for all of the vertical-P earthquakes are tightly clustered within~10 km of Miyakejima, an 8 km wide volcanic island formed by a basaltic stratovolcano with several small summit calderas. In the summer of 2000, the most intense swarm of earthquakes ever observed in Japan began at Miyakejima and migrated northwestward to Kozushima, signaling the lateral propagation of a massive dike intrusion. Following a small submarine eruption, the summit crater of Miyakejima began to collapse on 8 July 2000. The collapse continued incrementally over a period of 40 days, producing unusual tilt signals and the 43 vertical-P earthquakes. We summarize this eruptive activity below.
[52] On 26 June 2000, a swarm of small volcanic earthquakes was observed beneath Miyakejima's southwestern flank. Over a period of a few hours, seismicity intensified and migrated westward from the island, resulting in a small submarine eruption of basaltic andesite from four craters off the west coast of Miyakejima on 27 July Sakai et al., 2001; Amma-Miyasaka et al., 2005; Kaneko et al., 2005; Uhira et al., 2005] . Following the eruption, the swarm continued to migrate~30 km northwestward and reached the area between Kozushima and Niijima islands by 1 July [Sakai et al., 2001; Fujita et al., 2001] . Intense seismicity was observed in the area between Miyakejima and Kozushima through September 2000, and over 600 M ≥ 4 earthquakes and five M ≥ 6 earthquakes were observed [Ito and Yoshioka, 2002; Toda et al., 2002; Minson et al., 2007] . Analysis of data from island GPS stations indicates that 1-2 km 3 of magma was intruded during this episode Toda et al., 2002; Ozawa et al., 2004] . Crustal extension northwest of Miyakejima was coincident with contraction of the island, which indicates that a large portion of the magma was sourced from crustal magma chambers beneath the volcano, although additional magma may have been sourced from sub-crustal magma reservoirs located between Miyakejima and Kozushima Ozawa et al., 2004; Yamaoka et al., 2005; Murase et al., 2006] .
[53] Beginning on 4 July, seismicity beneath the summit area of Miyakejima was reactivated as the roof of the magma reservoir began to collapse [Sakai et al., 2001; Nakada et al., 2005] . As confirmed by gravity and electromagnetic data, shallowing seismicity resulted from the upward migration of a stoping column and the formation of a shallow cavity beneath the summit area Geshi et al., 2002; Sasai et al., 2002; Furuya et al., 2003 ]. On 8 July, coincident with a small phreatic eruption, an 800 m wide area of the summit collapsed~200 m, producing a caldera with an initial volume of 5.6 Â 10 7 m 3 . The caldera continued to collapse incrementally through mid-August, resulting in a 1.6 km wide depression with an average depth of 450 m . Small phreatic or phreatomagmatic eruptions took place along the southern rim of the volcano on 14-15 July, 10 August, and 13 August Geshi and Oikawa, 2008] . On 13 August, the composition of the erupted magma changed from basaltic andesite sourced from a shallow magma chamber at 3 to 5 km depth to basalt sourced from a deeper magma reservoir between 8 and 10 km depth [Amma-Miyasaka et al., 2005; Kaneko et al., 2005; Saito et al., 2005] . On 18 August, a vulcanian to subplinian eruption produced a 16 km high eruption column . After this eruption, large amounts of volcanic gases began to be emitted from the summit crater of Miyakejima, and the island was evacuated [Kazahaya et al., 2004] .
[54] The caldera collapse of Miyakejima is believed to have been accommodated by slip on inward-and outwarddipping ring-fault structures [Geshi et al., 2002; Geshi, 2009] . Individual collapse episodes produced simultaneous tilt changes [Ukawa et al., 2000; Yamamoto et al., 2001] and variations in the electric and magnetic fields [Sasai et al., 2001; 2002] , as well as, in most cases, very-longperiod (VLP) seismic signals Kumagai et al., 2001] . In total, 46 major tilt steps were identified between the first explosive eruption on 8 July and the largest explosive eruption on 18 August . These tilt steps, which are characterized by an abrupt uplift of the summit area [Ukawa et al., 2000] , have been variably explained by the opening of sill-like tensile cracks [Fujita et al., 2002 [Fujita et al., , 2004 and the elastic response of the edifice to downward motion of the caldera block [Michon et al., 2009 [Michon et al., , 2011 . Thirty-nine of these tilt steps were also accompanied by regionally recorded VLP seismic pulses with durations of~30-65 s Kumagai et al., 2001; Ohminato and Kumagai, 2001] . In several cases, the VLP pulses were preceded by swarms of shallow M1-2 earthquakes that increased in frequency before each event [Kobayashi et al., 2003] . Full-moment-tensor solutions for the VLP signals calculated by Kikuchi et al. [2001] and Kumagai et al. [2001] are dominated by positive volumetric components, and those events with larger volumetric changes tend to have longer recurrence intervals. So far, the VLP signals have been explained by piston collapse Stix and Kobayashi, 2008] and a hydrothermal expansion model . However, a source process consisting of dip-slip motion on a caldera ring fault may be a viable alternative [Ekström and Nettles, 2002] .
[55] All 43 vertical-P earthquakes we identify in this study occur after the start of the earthquake swarm and before the end of the incremental caldera collapse of Miyakejima. Thirty-nine of these vertical-P earthquakes correspond to the VLP signals described by Kikuchi et al. [2001] and linked by those authors to discrete collapse events. The four additional earthquakes we study occurred on 7, 9, and 30 July, and 18 August. The 7 July event is an M W 4.4 earthquake that took place before the start of the caldera collapse. The remaining three earthquakes have magnitudes 4.8 ≤ M W ≤ 5.5 and are associated with observed tilt steps [Fujita et al., 2004] . The 18 August earthquake occurred during the climax of Miyakejima's largest explosive eruption . The centroid location for the 18 August earthquake is~25 km away from Miyakejima, whereas all of the other events are within~10 km of the volcano. CMT solutions with the centroid location fixed to the volcano provide a poorer fit to the data, which may suggest that the final earthquake has a slightly different location or source process.
Nyiragongo
[56] As discussed in section 1, Shuler and Ekström [2009] identified five 4.6 ≤ M W ≤ 5.3 vertical-P earthquakes near Nyiragongo, a stratovolcano in the Democratic Republic of the Congo, between 2002 and 2005. The first three vertical-P earthquakes occurred on 21 and 22 January 2002, days after a regional rifting episode reopened fractures on the southern flanks of Nyiragongo and ruptured the volcanic edifice resulting in a catastrophic fissure eruption on 17 January [Allard et al., 2002; Komorowski et al., 2002 Komorowski et al., /2003 Tedesco et al., 2007] . These three vertical-P earthquakes occurred between the end of the 12 h effusive eruption and the collapse of the summit crater, which had previously contained a solidified lava lake. These earthquakes are attributed to dip-slip motion along an inward-dipping ring fault located above a deflating shallow magma reservoir [Shuler and Ekström, 2009 ].
[57] The five earthquakes identified by Shuler and Ekström [2009] are Category 2 events from the Surface Wave catalog. Analysis of Category 1 earthquakes in this study allowed us to identify one additional vertical-P earthquake associated with the 2002 eruption, an M W 5.1 earthquake that took place on 20 January 2002. This earthquake has a C-quality CMT solution and a centroid locatioñ 15 km from Nyiragongo. This earthquake occurred before the three previously identified vertical-P earthquakes, between the end of the effusive eruption and the collapse of the summit crater, and can likely be explained by the same physical mechanism.
Stromboli
[58] An M W 4.3 vertical-T earthquake with a C-quality CMT solution took place on 5 April 2003. The centroid location for this earthquake is~15 km from Stromboli, the northernmost stratovolcano in the Aeolian Islands near Sicily, Italy. This earthquake occurred during the largest vulcanian eruption at Stromboli since 1930. This paroxysm was recorded by the local multiparametric monitoring network and directly observed from a helicopter.
[59] The 2003 paroxysm occurred during an effusive eruption at Stromboli that began in December 2002. An increased release of magmatic gases was observed in the month before the event, which likely indicates that gas-rich magma had ascended in the shallow plumbing system [Aiuppa and Federico, 2004; Carapezza et al., 2004; Rizzo et al., 2008] . Ash emission and temperature increase at the bottom of the obstructed summit craters were observed immediately before the paroxysm [Calvari et al., 2006] . Three minutes before the explosion, on 5 April 2003 at 7:10:25 UTC, the temperature of one summit crater increased dramatically and a thick gas plume was produced [Calvari et al., 2006 ]. At 7:13:05, reddish ash erupted and a dark cloud with a cauliflower shape grew above the crater [Calvari et al., 2006; Rosi et al., 2006; Harris et al., 2008] . After the initial explosion expanded to a second summit crater, a powerful blast produced a shock wave that was observed on a local seismic station at 7:13:37 [Calvari et al., 2006; Harris et al., 2008] . The 2003 paroxysm, which lasted 9 min, launched meter-sized ballistic blocks from the summit crater and produced an eruptive column that collapsed into pyroclastic flows [Calvari et al., 2006] . Like other paroxysms at Stromboli, the 2003 paroxysm erupted aphyric golden pumice, likely caused by the rapid ascent of undegassed basaltic magma Métrich et al., 2005; Francalanci et al., 2008; Allard, 2009 ].
[60] Broadband seismometers deployed on and around Stromboli clearly recorded the paroxysm. At 7:12:42, a high-frequency signal likely associated with vesiculation began, and at 7:13:35, a powerful 12 s VLP event was observed in association with the main blast [D'Auria et al., 2006; Ripepe and Harris, 2008] . A source inversion of the main blast signal retrieved a combination of a vertical-CLVD earthquake and a downward force with an equivalent magnitude of M W 3.7 [Cesca et al., 2007] . Additionally, an ultra-long-period (ULP) signal starting 4 min before and terminating 1 min after the main blast was also observed [Cesca et al., 2007] . The ULP signal has been variably interpreted as tilt caused by the rapid ascent and ejection of magma [D'Auria et al., 2006] and as an M W 3.0 slow thrust-faulting event [Cesca et al., 2007] . This signal is unlikely to be source of the vertical-T earthquake that we identify in this study because the amplitude of the ULP signal on the vertical component is more than an order of magnitude lower than the horizontal components. The vertical-T earthquake at Stromboli has a centroid time of 7:13:45.5, which suggests that the earthquake is associated with the VLP event and the main blast of the paroxysmal explosion.
Sierra Negra
[61] An M W 5.5 vertical-T earthquake took place in the western Galápagos Islands on 22 October 2005. The centroid location for this event is immediately south of Isabela Island,~30 km from Sierra Negra, the largest shield volcano in the Galápagos Islands. Sierra Negra has a subaerial extent of 60-by-40 km and contains a shallow 7-by-10 km summit caldera. The interior of Sierra Negra's caldera contains a 14 km long C-shaped sinuous ridge composed of tilted fault blocks with steeply dipping fault scarps [Reynolds et al., 1995] . It has been suggested that this fault system was formed by a series of repeated trapdoor-faulting events driven by magma accumulation [Reynolds et al., 1995; Amelung et al., 2000; Jónsson et al., 2005; Chadwick et al., 2006; Jónsson, 2009] in Sierra Negra's~2 km deep sill-like magma chamber [Amelung et al., 2000; Yun et al., 2006] . During a trapdoor-faulting event, the crust above a shallow magma chamber is uplifted on one side of the caldera [Amelung et al., 2000] .
[62] Trapdoor-faulting events in 1997-1998 and on 16 April 2005 are characterized by maximum uplift just north of the sinuous ridge in the southern part of the caldera [Amelung et al., 2000; Jónsson et al., 2005; Chadwick et al., 2006; Jónsson, 2009 ]. An m b 4.6 earthquake is associated with the April 2005 trapdoor-faulting event, during which a GPS station located near the sinuous ridge was uplifted 84 cm within 10 s [Chadwick et al., 2006] . Although the 1997-1998 trapdoor-faulting event was originally attributed to slip along steep outward-dipping normal faults [Amelung et al., 2000] , a revised faulting model consisting of 67 -74 inward-dipping thrust faults is compatible with the deformation data from both the [1997] [1998] and April 2005 trapdoor-faulting events [Chadwick et al., 2006; Jónsson, 2009 ].
[63] On 22 October 2005 at 23:30 UTC, Sierra Negra began erupting after a repose period of 26 years. The start of the eruption was accompanied by a 13 km high plume of ash and steam, after which the eruption transitioned to a 2 km long curtain of fire fountains inside the northern rim of the caldera [Geist et al., 2008] . Over the next 8 days, 150 Â 10 6 m 3 of basalt was erupted and the center of the caldera subsided over 5 m [Yun, 2007; Geist et al., 2008] . No precursors to the eruption were observed, except for the M W 5.5 vertical-T earthquake that occurred at 20:34 on 22 October. Unfortunately, the GPS network failed 16 h prior to the start of the eruption so deformation associated with this event is poorly constrained [Geist et al., 2008] . Yun [2007] modeled interferograms that span the earthquake and the eruption and found that the deformation can be explained by a model that includes a trapdoor-faulting event centered on the western part of the sinuous ridge. The 1.5 m of maximum dip-slip at the surface estimated by Yun [2007] is consistent with field measurements of dip-slip displacements on vertical fault scarps in the southern and western parts of the sinuous ridge [Geist et al., 2008] . The vertical-T earthquake, which occurred~3 h before the start of the 2005 eruption, may be associated with a trapdoor-faulting event.
Tungurahua
[64] An M W 4.4 vertical-P earthquake with a C-quality CMT solution took place in Ecuador on 17 August 2006. The centroid location for this earthquake is~25 km from Tungurahua, one of the most active volcanoes in the Andes [Hall et al., 1999] . Tungurahua is a large andesitic stratovolcano that has been erupting intermittently since 1999. In 2006, explosive eruptions on 14 July and 16-17 August produced widespread pyroclastic flows, resulting in loss of life and the evacuation of settlements along the flanks of the volcano. The vertical-P earthquake occurred during the paroxysmal phase of the VEI 3 (Volcanic Explosivity Index) [Newhall and Self, 1982] 16-17 August eruption, Tungurahua's most violent eruption since activity began in 1999.
[65] The August 2006 eruption was preceded by the growth of a bulge on the northern flank of the volcano between 11 and 16 August [Smithsonian Institution, 2006] and by 16 h of uninterrupted, escalating seismic tremor and tephra fallout . The eruption began on 16 August at 19:30 UTC, and by 22:00, lava fountains reached a height of 100-200 m above the vent [Barba et al., 2006] . Around 3:00 on 17 August, numerous pyroclastic density currents were observed [Barba et al., 2006] and the ash plume rose to a height of 13.25 km . Between 4:00 and 5:00, the lava fountains reached 1.5 km, and at~5:30 the start of the paroxysmal phase of the eruption began [Barba et al., 2006; Fee et al., 2010] . The vertical-P earthquake took place shortly thereafter, at 5:37 UTC.
[66] The paroxysmal phase of the 16-17 August eruption lasted 50 min and was characterized by a dramatic increase in acoustic power, as well as a shift in the infrasonic jetting spectrum toward lower frequencies [Matoza et al., 2009; Fee et al., 2010] . The height of the ash cloud grew to over 24 km, and ash was injected into the stratosphere while lava fountaining continued at heights of over 1 km Steffke et al., 2010] . Numerous pyroclastic density currents and heavy ashfall were observed [Barba et al., 2006] . At 6:20, the eruptive activity dropped off sharply and by~7:30, the tremor was at background levels . In total, the eruption lasted 11 h, and produced 2 Â 10 7 m 3 of magma and 35,000 t of SO 2 Carn et al., 2008; Fee et al., 2010] . Hours after the end of the eruption, the effusion of slow-moving blocky lava flows was observed Hanson et al., 2011; Samaniego et al., 2011] . It has been suggested that the end of the August 2006 eruption may have resulted from the slow ascent of a more viscous magma [Hanson et al., 2011] .
[67] A series of VLP events was observed during the August 2006 eruption [Kumagai et al., 2007a [Kumagai et al., , 2007b [Kumagai et al., , 2010 . These events started at 5:30 UTC on 17 August and are characterized by impulsive signatures with dominant periods of 20-50 s [Kumagai et al., 2007b] . The vertical-P earthquake that we identify in this study is likely the same event as "VLP2" from Kumagai et al. [2010] . In a waveform inversion using seismic data from two local broadband stations, Kumagai et al. [2010] modeled this event as an isotropic source at 3 km depth and hypothesized that the volumetric change was caused by bubble growth due to newly supplied magma. However, it seems possible that the vertical-P earthquake, which occurred during the paroxysmal phase of the explosive eruption, could have been generated by a collapse inside the magmatic plumbing system, as at Nyiragongo and Miyakejima.
Curtis Island
[68] On 17 February 2009, the largest well-documented vertical-CLVD earthquake, an M W 5.8 vertical-T event took place in the Kermadec Islands north of New Zealand. The centroid location is~2 km from Curtis Island. Together with Cheeseman Island, Curtis Island is the subaerial portion of a submarine dacitic volcano located along the Kermadec Ridge [Doyle et al., 1979; Smith et al., 1988] . Curtis Island has a subaerial extent of 500-by-800 m and contains a crater with active fumaroles. Although uplift of 7 m was documented at Curtis Island between 1929 and 1964 [Doyle et al., 1979] , the date of Curtis Island's last eruption is unknown. From 17 to 19 January 2009, earthquakes with T-wave phases were recorded on the Polynesian seismic network [Smithsonian Institution, 2009 ], suggesting a possible eruption near the volcano. As Curtis Island is a remote volcano, this activity was not confirmed. Because no thermal alerts were issued by the MODVOLC system [Wright et al., 2002 , 2004 ] through April 2009 [Smithsonian Institution, 2009 , the vertical-T earthquake, which occurred 1 month after the T waves were observed, is likely associated with magma migration within the volcanic edifice or magmatic plumbing system of Curtis Island rather than a volcanic eruption.
NW Rota-1
[69] On 19 April 2009, an M W 4.9 vertical-P earthquake with a C-quality CMT solution took place in the Mariana Islands. The centroid location for this earthquake is~60 km from NW Rota-1, a recently detected submarine volcano with an active hydrothermal system [Embley et al., 2006] . NW Rota-1 is a steep-sided basaltic to basaltic-andesitic cone with a diameter of 16 km and a summit depth of 500 m [Embley et al., 2006; Chadwick et al., 2008] . In 2004, the first explosive submarine eruptions ever to be observed were witnessed at NW Rota-1 [Embley et al., 2006] . Repeated dives indicate eruptive activity is characterized by nearly continuous Strombolian eruptions .
[70] In mid-April 2009, an unusual sequence of m b ≤ 5.0 earthquakes near NW Rota-1 was detected by both the NEIC and a hydrophone moored in the summit of the volcano [Chadwick et al., 2012] . The peak seismicity was observed on 17 April, the first day of the 4 day swarm, when the hydrophone recorded a continuous broadband acoustic signal that lasted for~24 h [Chadwick et al., 2012] . The vertical-P earthquake occurred~2 days after the beginning of the swarm. The April 2009 swarm closely resembles another earthquake sequence that occurred near NW Rota-1 in 1997, and both swarms have been attributed to magmatic sources [Heeszel et al., 2008; Chadwick et al., 2012] . Four months after the swarm, in August 2009, a large volcanic eruption and subsequent landslide took place at NW Rota-1 [Chadwick et al., 2012] . The relative timing of the earthquake swarm and the eruption suggests that the vertical-P earthquake may be associated with a magmatic intrusion or the inflation of a shallow magma chamber.
Other Vertical-CLVD Earthquakes
[71] The remaining 24 vertical-CLVD earthquakes identified in this study are not associated with documented episodes of volcanic unrest at nearby volcanoes. Several of these earthquakes occur in spatial clusters near individual volcanoes. We summarize the locations of the vertical-CLVD earthquakes, starting in Cascadia and moving counterclockwise around the Pacific Ocean. Unless otherwise indicated, the earthquakes have A-quality CMT solutions.
[72] An M W 4.7 vertical-P earthquake with a B-quality CMT solution took place on 19 March 1994 along the Gorda Ridge, north of the Mendocino Fracture Zone off the coast of Oregon. This earthquake occurred near the boundary between the Central and Phoenix ridge segments and is not associated with any unusual earthquake swarms or reported eruptions along either segment.
[73] On 4 December 1999, an M W 5.1 vertical-P earthquake with a B-quality CMT solution occurred in the Andreanof Islands in the central Aleutians. The centroid location for this earthquake is~40 km from Tanaga, Takawangha, and Gareloi volcanoes. All three of these volcanoes are stratovolcanoes. Tanaga last erupted in 1914, and Gareloi last erupted in 1989. Takawangha has no known historical eruptions, although radiocarbon data indicates that explosive eruptions have occurred there in the past several hundred years [Siebert and Simkin, 2002-] .
[74] Four vertical-CLVD earthquakes that are not associated with volcanic unrest took place in Japan. The first earthquake is an M W 5.3 vertical-T earthquake that occurred on 16 May 1978 in Northern Honshu near Hokkaido. This earthquake is not located near any recently active volcanoes, but the centroid location is~40 km from Osore-yama, a historically active stratovolcano with a 5 km wide caldera.
[75] An M W 5.7 vertical-P earthquake occurred on 9 September 1996 in the Ryukyu Islands near Kyushu.
The centroid location for this earthquake is~70 km from Kuchinoerabu-jima and Kikai volcanoes. Kikai is a 19 km wide caldera that erupted in 1997 and 1998. Kuchinoerabujima is a group of young stratovolcanoes that produces frequent explosive eruptions. The vertical-P earthquake occurred during a seismic swarm at Kuchinoerabu-jima [Iguchi et al., 2001] . However, an earthquake aftershock survey by Sekitani et al. [1997] confirms that the earthquake we study occurred on Tanegashima Island,~60 km east of the volcanic arc. Therefore, it seems unlikely that this earthquake is associated with the Kuchinoerabu-jima magmatic activity.
[76] Two M W 5.2-5.3 vertical-T earthquakes have centroid locations~15 km from Kita-Iwo-jima, a deeply eroded stratovolcano in Japan's Volcano Islands. The first earthquake occurred on 20 August 1992 and the second earthquake occurred on 12 June 2008. Numerous eruptions have been reported from Funka-Asane, a submarine vent located 2 km northwest of Kita-Iwo-jima, but no eruptions were reported during the times of the vertical-T earthquakes.
[77] An M W 4.7 vertical-P earthquake with a C-quality CMT solution took place on 11 April 2008 in the Mariana Islands. The centroid location for this earthquake is 110 km west of the volcanic arc and is likely associated with the Mariana Trough, an actively spreading back-arc basin separating the Mariana Ridge, a remnant volcanic arc, from the active volcanoes of the Mariana Arc. No volcanic activity has been reported at this location near the time of the earthquake.
[78] On 25 February 2005, an M W 4.9 vertical-P earthquake with a B-quality CMT solution occurred in Luzon in the Philippines. The centroid location for this earthquake is 75 km from Masaraga and Mayon volcanoes. Masaraga is a Holocene stratovolcano, and Mayon is a stratovolcano that has frequent explosive eruptions. Mayon had small-scale explosive eruptions from June to September 2004, but was not erupting during the time of the vertical-P earthquake.
[79] An M W 5.6 vertical-P earthquake with a B-quality CMT solution took place on 29 June 1999 in east Papua New Guinea. The centroid location for this earthquake is 35 km from an active hydrothermal field called Musa River,~60 km from Madilogo, a Holocene pyroclastic cone, and~70 km from Managlase Plateau, a Holocene volcanic field. The earthquake is also located~75 km from Lamington, a stratovolcano that last erupted in 1956. The vertical-P earthquake is not linked to unrest at any of these volcanoes.
[80] Two vertical-CLVD earthquakes with C-quality CMT solutions occurred in the Vanuatu Islands region in 2008. The first earthquake is an M W 4.9 vertical-T earthquake that took place on 22 July 2008. The centroid location for this earthquake is~90 km from North Vate, a Holocene stratovolcano. The second earthquake is an M W 5.0 vertical-T earthquake that occurred on 18 November 2008. The centroid location for this earthquake is~35 km from Traitor's Head, a historically active stratovolcano, and~85 km from Yasur, a stratovolcano that was producing continuous strombolian and vulcanian eruptions during this time. We do not link the 18 November 2008 earthquake to the volcanic activity at Yasur due to the large distance between the centroid location and the volcano.
[81] Eight vertical-CLVD earthquakes, three vertical-P and five vertical-T events, are located in the Tonga and Fiji Islands region. The vertical-P earthquakes occurred between 1994 and 2002. The first event is an M W 4.8 earthquake with a B-quality CMT solution that occurred near the Mangatolo Triple Junction on 8 November 1994. The centroid location for this earthquake is~30 km from Tafahi, a Holocene stratovolcano, and~45 km from Curacoa, a submarine volcano that last erupted in 1979. The second event is an M W 4.8 earthquake with a C-quality CMT solution that occurred on 9 September 1995 along the Fonualei Rift and Spreading Center (FRSC). The third event is an M W 4.7 earthquake with a C-quality CMT solution that occurred on 16 August 2002. The centroid location for this earthquake is~60 km from Falcon Island, a submarine volcano that last erupted in 1936, and~70 km from Hunga Tonga-Hunga Ha'apai, a submarine volcano that erupted in 1988 and 2009. None of the vertical-P earthquakes are linked to documented episodes of volcanic unrest.
[82] The five vertical-T earthquakes that took place in the Tonga and Fiji Islands regions occurred over a 20 year period between 1979 and 2009. The northernmost earthquake is an M W 5.3 earthquake that took place on 16 January 1994. The centroid location for this earthquake is~20 km from Hunga Tonga-Hunga Ha'apai, a submarine volcano with a 4-5 km wide caldera that experienced a Surtseyan eruption in March 2009 [Vaughan and Webley, 2010] . The remaining four events are M W 5.5 earthquakes that occurred on 1 October 1979 , 7 August 1999 , 10 November 2004 , and 26 May 2009 . The 1979 earthquake has a B-quality CMT solution and the three other earthquakes have A-quality CMT solutions. All four of these vertical-T earthquakes have centroid locations clustered~10-15 km from an Unnamed submarine volcano (0403-01 in IAVCEI's Catalog of Active Volcanoes of the World). The last confirmed eruption from Unnamed volcano (0403-01) was in 1932. The centroid locations for these earthquakes are also~20 km from Unnamed volcano (0403-011), a Holocene submarine volcano, and~45-50 km from Unnamed volcano (0403-03), a submarine volcano that last erupted in 1999. None of these vertical-T events are associated with documented eruptive activity.
[83] Finally, five vertical-T earthquakes are located in the remote South Sandwich Islands. Three M W 5.3-5.4 earthquakes took place in the northern South Sandwich Islands on 9 September 1978, 5 September 1997, and 18 January 2001. These earthquakes have A-or B-quality CMT solutions and centroid locations that are clustered withiñ 15 km of Zavodovski, the northernmost subaerial volcano in the South Sandwich Islands. Zavodovski is a stratovolcano with active fumaroles that last erupted in 1819. Centroid locations for these earthquakes are also~40 km from Hodson, a Holocene stratovolcano. The remaining two vertical-T earthquakes took place in the southern South Sandwich Islands on 23 and 31 August 2005. Centroid locations for these M W 5.1 and M W 5.5 earthquakes are located 30 and~55 km from Thule Islands volcanoes. The Thule Islands consist of a group of stratovolcanoes and calderas that have produced several explosive eruptions in the last hundred years. The 2005 earthquakes also have centroid locations~50 km and~85 km from Bristol Island, a historically active stratovolcano that last erupted in 1956. None of the vertical-T earthquakes in the South Sandwich Islands are associated with documented volcanic unrest, although visual observations of the South Sandwich Islands are limited to a few days each year [LeMasurier et al., 1990] .
Discussion
[84] After investigating 395 target earthquakes located within 100 km of volcanoes with documented eruptions in the last~100 years, we have identified 86 shallow vertical-CLVD earthquakes with magnitudes 4.3 ≤ M W ≤ 5.8. Of the vertical-CLVD earthquakes investigated in this study, we find that~80% are located within 30 km and~90% are located within 50 km of a known volcanic center. For those earthquakes that are linked to documented episodes of volcanic unrest at active volcanoes,~90% are located within 30 km of the source volcano, and the farthest earthquake is located~60 km away. Even for vertical-CLVD earthquakes that are not linked to episodes of volcanic unrest,~50% are located within 30 km of a known volcano. The vertical-CLVD earthquakes are associated with more than 20 active volcanoes around the world.
[85] The vertical-CLVD earthquakes identified in this study all have shallow depths. During the CMT inversion process, all of the centroid depths were fixed by the inversion algorithm to 12 km to prevent them from moving shallower, and body-wave modeling of 18 earthquakes, all from the GCMT catalog, suggests that the vertical-CLVD earthquakes occur in the top 10 km of the crust. Given that most vertical-CLVD earthquakes are tightly clustered around active volcanoes, the shallow depth estimates suggest that they are likely associated with deformation inside or immediately beneath volcanic edifices.
[86] Overall,~70% of the vertical-CLVD earthquakes identified in this study are spatially and temporally associated with documented volcanic unrest. Breaking this down by earthquake type,~40% of vertical-T earthquakes and 85% of vertical-P earthquakes are linked to volcanic unrest. If the earthquakes associated with the Miyakejima caldera collapse are excluded,~45% of the remaining vertical-P earthquakes occur during documented episodes of volcanic unrest at a nearby volcano. Volcanic unrest is underreported, especially in remote regions and in cases where unrest is not soon followed by an eruption [Moran et al., 2011] , so the percentage of vertical-CLVD earthquakes associated with volcanic activity is likely to be even higher than is documented here. Most shallow vertical-CLVD earthquakes located near volcanoes are thus likely related to some type of volcanic unrest.
[87] Shallow vertical-CLVD earthquakes near recently active volcanoes represent a small fraction of earthquakes described in the GCMT and Surface Wave catalogs. Including events analyzed by Nettles and Ekström [1998] , only~0.1% of earthquakes described in the GCMT catalog from 1976 to 2009 are shallow vertical-CLVD earthquakes located near recently active volcanoes. Likewise, including events analyzed by Shuler and Ekström [2009] , only~2% of Category 1 and 2 earthquakes in the Surface Wave catalog from 1991 to 2009 are shallow vertical-CLVD earthquakes located near recently active volcanoes. Considering that at least 20 volcanoes around the world are erupting at any given time, it is clear that not all types of volcanic activity produce vertical-CLVD earthquakes. Certain stress and/or structural conditions may be required to generate this type of earthquake.
Below we examine potential correlations between vertical-CLVD earthquakes and tectonic setting as well as volcano type.
[88] Shallow vertical-CLVD earthquakes are located near volcanoes in many tectonic and geographic settings. The majority of vertical-CLVD earthquakes are located near arc volcanoes in subduction zones, mostly in the circum-Pacific region. Although many vertical-CLVD earthquakes are located in subduction zones along the western rim of the Pacific Ocean, and few vertical-CLVD earthquakes are located in South or Central America, or in the Cascade, Aleutian, or Kurile-Kamchatka arcs, there does not seem to be an obvious link between the age, geometry, or velocity of subducting slabs reported by Syracuse and Abers [2006] and the occurrence of vertical-CLVD earthquakes. Vertical-CLVD earthquakes are also associated with hot spot volcanoes in Iceland, Hawaii, the Samoa Islands, and the Galápagos Islands, as well as with volcanoes in the East African Rift.
[89] Only a very small number of vertical-CLVD earthquakes, all of the vertical-P type, are located along midocean ridge segments. Included in this category are the 19 March 1994, 9 September 1995, and 11 April 2008 earthquakes. The centroid locations of these earthquakes are over 80 km away from the nearest recently active volcano. The locations of these earthquakes, which are along back-arc or mid-ocean ridge segments, suggest that these events may be associated with extension processes rather than directly with volcanic processes. The small number of vertical-CLVD earthquakes located along mid-ocean ridges is partly the result of the fact that we identified target earthquakes using the database of the GVP, which contains few submarine volcanoes located along divergent plate boundaries. However, there is some evidence that vertical-CLVD earthquakes may be less likely to occur in the ridge environment. A search through the entire GCMT catalog for shallow vertical-CLVD earthquakes with |e| > 0.33 and dominant P or T axes that plunge more steeply than 60 finds only 15 earthquakes located along the mid-ocean ridge system. All of the earthquakes are vertical-P events. Given our experience with how the addition of surface-wave data affects CMT solutions (section 3.1 and Figure 4) , it is possible that many of these events are poorly resolved normalfaulting earthquakes.
[90] Vertical-CLVD earthquakes are most commonly associated with submarine volcanoes and stratovolcanoes (Table 2) . Additionally, most of the submarine volcanoes and stratovolcanoes closest to vertical-CLVD earthquakes have pre-existing calderas [Siebert and Simkin, 2002-] . In fact, the largest sequence of vertical-CLVD earthquakes is associated with the development of a new caldera at Miyakejima. Vertical-CLVD earthquakes are also associated with unrest at Rabaul, a pyroclastic shield volcano, and Sierra Negra, a shield volcano. Both of these shield volcanoes have calderas with well-documented ring-fault structures. Since ring faults are produced during the caldera collapse process, the fact that we observe most vertical-CLVD earthquakes at volcanoes with calderas may indicate that vertical-CLVD earthquakes are generated by slip on ringfault structures.
[91] Most volcanoes associated with vertical-CLVD earthquakes erupt basaltic and/or andesitic lavas [Siebert and Simkin, 2002-] . Nyiragongo and Ol Doinyo Lengai, the two volcanoes associated with vertical-CLVD earthquakes in the East African rift, erupt lavas with some of the lowest known silica contents on Earth [Sahama, 1973; Bailey, 1993; Demant et al., 1994] . The correlation between vertical-CLVD earthquakes and basaltic-to-andesitic volcanoes may suggest that vertical-CLVD earthquakes preferentially occur at volcanoes that erupt low-viscosity magmas. However, this observation may also be a consequence of the relatively short time period covered by our study since basaltic volcanoes tend to erupt small volumes of lava frequently, whereas silicic volcanoes have longer repose periods and larger, less frequent eruptions [White et al., 2006] .
[92] Vertical-CLVD earthquakes are observed during many different types of volcanic unrest. Half of all the vertical-CLVD earthquakes identified in this study are associated with the caldera collapse of Miyakejima. Vertical-CLVD earthquakes are also associated with a subglacial fissure eruption at Bárdarbunga, a fissure eruption at Nyiragongo, elevated seismicity and explosive eruptions at Rabaul, an effusive eruption at Sierra Negra, and explosive eruptions at Stromboli and Tungurahua. At submarine volcanoes, vertical-CLVD earthquakes are associated with anomalous earthquake swarms at Vailulu'u, Loihi, NW Rota-1, and Curtis Island, as well as disproportionately large tsunamis at Smith Rock.
[93] In Figure 10 , we examine the temporal relationships between vertical-CLVD earthquakes and volcanic unrest at 10 volcanoes. We plot vertical-CLVD earthquakes that occurred within 5 years of the start of volcanic eruptions or episodes of unrest at each volcano. For some volcanoes, defining the start of an episode of unrest is arbitrary, but we use the following dates and times: (1) Bárdarbunga-30 September 1996 , 23:30 UTC [Smithsonian Institution, 1996a ; (2) Tungurahua-16 August 2006 , 19:30 UTC [Fee et al., 2010 ; and (10) Vailulu'u-9 January 1995, 14:13 UTC. For Loihi, NW Rota-1, and Vailulu'u, we use the NEIC catalog and define the start of volcanic unrest as the time of the first teleseismically-detected earthquake in each swarm.
[94] Vertical-P earthquakes occur hours to years after the start of eruptions or episodes of unrest, whereas vertical-T earthquakes occur both before and after eruptive activity. At Sierra Negra, a vertical-T earthquake preceded the 2005 eruption by 3 h, while at Bárdarbunga, a series of vertical-T earthquakes took place over 20 years, with the last occurring~1.5 days before the 1996 subglacial eruption. These results suggest that vertical-CLVD earthquakes may be used to infer the eruptive states of volcanoes. In particular, vertical-P earthquakes may be used to identify volcanoes where eruptions or large-scale magmatic intrusions have recently occurred. This may be especially useful for remote or submarine volcanoes. In addition, vertical-T earthquakes may be used to identify volcanoes that are likely to erupt in the near future. Clusters of vertical-T earthquakes are located at Kita-Iwo-jima, Unnamed (0403-01), and Zavodovski volcanoes, and these earthquakes may be indicative of magma ascent and increased potential for eruptions at these volcanoes.
Conclusions
[95] Through an in-depth analysis of two global seismicity catalogs and the calculation of over 300 CMT solutions, we have identified 86 shallow vertical-CLVD earthquakes occurring near recently active volcanoes. These earthquakes have depths in the upper 10 km of the crust, and 80% are located within 30 km of a volcano. Additionally,~70% of the vertical-CLVD earthquakes studied are spatially and temporally associated with volcanic unrest at a nearby volcano. Half of the vertical-CLVD earthquakes are associated with the caldera collapse of Miyakejima in 2000, and another 20% are linked to documented volcanic unrest or eruptions at other volcanoes. In addition to caldera collapse, vertical-CLVD earthquakes are associated with effusive and explosive eruptions and volcanic earthquake swarms. There is thus a clear link between the occurrence of vertical-CLVD earthquakes and volcanic activity. Our observations suggest that these unusual earthquakes likely occur within the edifices or magmatic plumbing systems of active volcanoes.
[96] Vertical-CLVD earthquakes do not occur at all volcanoes, or even during all episodes of unrest at volcanoes where they are observed, so specific stress or structural conditions must be required to trigger these earthquakes. We have identified several correlations between the occurrence of vertical-CLVD earthquakes and specific tectonic settings and volcano types. Vertical-CLVD earthquakes are predominantly located in subduction zones, although they also occur in continental rifts and in areas of hot spot volcanism.
Most vertical-CLVD earthquakes are associated with volcanoes with caldera structures. Additionally, most vertical-CLVD earthquakes are associated with volcanoes that erupt silica-poor magmas. These correlations may indicate that low-viscosity magmas and/or ring-fault structures are required to generate vertical-CLVD earthquakes.
[97] We examined the temporal relationships between vertical-CLVD earthquakes and volcanic unrest at 10 volcanoes and found that vertical-P earthquakes occur after the start of volcanic unrest, whereas vertical-T earthquakes generally occur before volcanic eruptions. The occurrence of vertical-P earthquakes may be useful for identifying remote or submarine volcanoes that have recently erupted, and the occurrence of vertical-T earthquakes may signal that a source volcano is likely to erupt in the future. Vertical-CLVD earthquakes provide information about the stress and strain conditions internal to active volcanoes, and by studying these rare and unusual earthquakes, we may learn more about the deformation processes occurring inside active volcanoes during eruptions and magma ascent and migration. Because vertical-CLVD earthquakes are associated with many different types of volcanic unrest, it is likely that these events can be produced by multiple physical processes. Constraining the physical mechanisms that may be responsible for generating vertical-CLVD earthquakes will enable us to interpret these events in terms of related volcanic hazards.
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